Abstract: Impact sensitivity is an important safety parameter for the assessment of the hazards of working with new energetic compounds including ionic molecular energetic materials. This paper introduces two novel simple correlations to assess the impact sensitivity of quaternary ammonium-based energetic ionic liquids, which are based on the elemental composition of cations and anions divided by the molecular weight of a desired ionic liquid as well as the contribution of specific cations and anions. For 72 ionic molecular systems as a training set, the root mean square (rms) deviations of predictions for these models relative to experiment are 11 J and 6 J, respectively. The reliability of the models has also been tested for a further three ionic compounds containing complex structures, which give rms deviations of 12 J and 6 J, respectively, with respect to the measured data. The results of the current study indicate that the accuracy of this novel method for the prediction of the impact sensitivity of quaternary ammonium-based energetic ionic liquids is not necessarily enhanced by greater complexity.
Introduction
The environment, the cost associated with both facility clean-up and disposal of chemical waste are important problems in the synthesis and testing of an energetic material. Prediction of the performance and sensitivity of an energetic compound can provide scientists and engineers considerable insight into the understanding of factors affecting these parameters [1] [2] [3] [4] . The sensitivity of an energetic material is a consequence of the kinetics and thermodynamics of its thermal decomposition. The impact stimulus needed depends on the ease with which a detectable reaction of any kind can be initiated in an energetic compound.
Impact sensitivity is the easiest method as it involves simply the dropping of a weight, e.g. a 2.5 kg mass, from a predetermined height onto a striker plate [4] . This parameter is measured by the height from which there is a 50% probability of causing an explosion. Even though there are the uncertainties associated with the impact sensitivity test, different methods have been developed for the prediction of the impact sensitivity of different classes of neutral energetic compounds, and these have been reviewed elsewhere [1, [5] [6] [7] [8] [9] [10] [11] . Since the impact sensitivity of an energetic material depends on the particle size distribution, morphology and the basic molecular structure, the results are often not reproducible [12] [13] [14] . For example, the reported values of the impact sensitivities for twice-recrystallized 2,4,6-trinitrotoluene vary from below 25 J to above 61 J [15] .
In contrast to the impact sensitivity of neutral energetic compounds where there are many predictive methods, only Politzer et al. [16] have recently used a quantum mechanical approach to investigate qualitatively the relationship of the impact sensitivity of energetic ionic liquids with the maximum available heat of detonation, the amount of free space per molecule (or per formula unit) in the crystal lattice and specific features of the electrostatic potential on the molecular or ionic surface. The purpose of this work was to develop a novel method for the prediction of the impact sensitivity of a quaternary ammonium-based energetic ionic liquid from its molecular structure. The importance of being able to do this is that impact sensitivity is the main source of many accidents in work-places where new energetic compounds are handled. It will be shown that the new method can be applied to quaternary ammonium-based energetic ionic liquids containing complex structures for which experimental data have been reported.
Results and Discussion

Development of the new models
The elemental compositions of different classes of energetic compounds are important parameters for assessment of their impact sensitivities [5] [6] [7] [8] [9] [10] [17] [18] [19] [20] . For ionic liquids, it has been found that the elemental composition and the contributions of some cations or anions are important for the assessment of some properties such as density [21, 22] . Experimental data for 72 ionic molecular energetic materials with general formula CHNOCl are given in Table 1 . This information has been used to correlate their elemental compositions and structures with impact sensitivity. The results have shown that the following general equation, which was obtained by the best fit to experimental impact sensitivity data through the multiple linear regression method [23] , can correlate with the elemental composition of cations and anions as:
where Root mean square (rms) deviation 11 6 Beside the contribution of elemental compositions, the existence of some specific cations or anions may enhance or reduce the impact sensitivity in ionic molecular energetic materials. However, the effects of these specific anions or cations can be considered beside those variables given in Equation 1 through the following re-optimized correlation using the multiple linear regression method [23] Table 2 are not satisfied. As indicated in Table 2 because it was indicated that -NH 2 and >NH groups can decrease the sensitivity of an energetic compound with respect to impact stimuli [24] . Meanwhile, the attachment of a nitro group to the tetrazole ring in 5-nitrotetrazol-1-ide can increase its sensitivity. Tables 3 and 4 indicate the statistical parameters of Equations 1 and 2 corresponding to four and six variables in these equations, respectively. As can be seen, these variables in both equations have a highly significant influence through their extremely small p-values and standard errors. The standard error of a coefficient is an important statistical parameter because it measures the precision of assessment of a coefficient where precision is measured by the standard deviation over repeated measurements. The p-value of a coefficient is the second important statistical parameter as it provides the probability threshold at which the null hypothesis would be rejected. Since all of the p-values are less than 0.05, the outcomes of the two new correlations are significant. Thus, the observed effect is not due to random variations. R-squared values or the coefficients of determination of Equations 1 and 2 are 0.685 and 0.908, respectively, which confirm the higher reliability of Equation 2. Equation 1 can be easily applied to the many energetic ionic liquids given in Table 1 Root mean square (rms) deviation 12 6
Statistical evaluations of the new correlation
The differences in the predictions from the experiments for Equations 1 and 2 are also given in Table 1 . As seen in Table 1 , the root-mean-square (rms) deviations of Equations 1 and 2 are 11 J and 6 J, respectively, which also confirm the greater reliability of Equation 2. The estimated IS I c L orr (J) for Equation 2 are less than ±20 J for all 72 ionic liquids given in Table 1 . Table 5 compares the predicted results of Equations 1 and 2 for a further three energetic ionic liquids containing complex structures. The rms deviations of Equations 1 and 2 are 12 J and 6 J, respectively. Thus, the new method can be used easily for any energetic ionic liquids containing complex structures. The values determined for the impact sensitivities of the ionic liquids depend on energetic cations or anions that might provide an active site for initiation of decomposition reactions. The new method can be useful for obtaining reliable impact sensitivities for energetic ionic liquids having a wide range of reported impact sensitivities.
Conclusions
It is an important problem for both chemists and the chemical industries to synthesize and develop safe energetic ionic liquids. An inability to predict the impact sensitivities of energetic ionic liquids can prevent the development of those compounds that have a high sensitivity with respect to external impact Copyright © 2017 Institute of Industrial Organic Chemistry, Poland stimuli. In contrast to the various approaches that are available for the prediction of the impact sensitivity of neutral energetic compounds, there is no method for the prediction of the impact sensitivity of energetic ionic liquids. The main intent of this work was to investigate the likelihood of a generalized method to correlate the impact sensitivities of energetic ionic liquids with their structures. It was shown that the impact sensitivity of an energetic ionic liquid depends on the elemental composition of both the cation and anion of a desired energetic ionic liquid divided by its molecular weight. The existence of some specific cations and anions is the other important factor that can be used to adjust the large deviations of impact sensitivities on the basis of elemental composition. As evident in Tables 1 and 5 , the results predicted by Equation 2 show a higher reliability with respect to the experimental data as compared to Equation 1. Thus, the results of the current study indicate that the accuracy of the novel method is not necessarily enhanced by greater complexity.
